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ABSTRACT
Most rocky planets in the galaxy orbit a cool host star, and there is large uncertainty among the-
oretical models whether these planets can retain an atmosphere. The James Webb Space Telescope
(JWST ) might be able to settle this question empirically, but most proposals for doing so require large
observational effort because they are based on spectroscopy. Here we show that infrared photometry of
secondary eclipses could quickly identify “candidate” atmospheres, by searching for rocky planets with
atmospheres thick enough that atmospheric heat transport noticeably reduces their dayside thermal
emission compared to that of a bare rock. For a planet amenable to atmospheric follow-up, we find that
JWST should be able to confidently detect the heat redistribution signal of an O(1) bar atmosphere
with one to two eclipses. One to two eclipses is generally much less than the effort needed to infer an
atmosphere via transmission or emission spectroscopy. Candidate atmospheres can be further validated
via follow-up spectroscopy or phase curves. In addition, because this technique is fast it could enable a
first atmospheric survey of rocky exoplanets with JWST. We estimate that the TESS mission will find
∼ 100 planets that are too hot to be habitable but that can be quickly probed via eclipse photometry.
Knowing whether hot, rocky planets around M dwarfs have atmospheres is important not only for
understanding the evolution of uninhabitable worlds: if atmospheres are common on hot planets, then
cooler, potentially habitable planets around M dwarfs are also likely to have atmospheres.
Keywords: planets and satellites: atmospheres — planets and satellites: terrestrial planets — planets
and satellites: individual (GJ 1132 b, LHS 3844 b, TRAPPIST-1 b, LHS 1140 b, 55 Cnc e,
WASP-47 b, HD 219134 b, HD 15337 b, L 98-59 b, HD 213885 b, TOI-270 b, GL 357 b)
1. INTRODUCTION
1.1. The challenge of M dwarf planet atmospheres
The ability of rocky planets orbiting M dwarfs to form
and retain atmospheres is a major question in the field
of exoplanets because of the forthcoming opportunity
to observe these worlds for evidence of habitability and
life (Shields et al. 2016; National Academies of Sciences,
Engineering, and Medicine 2018). M dwarfs undergo
a long pre-main sequence phase that exposes planets
that would later be in the nominal liquid water hab-
itable zone to strong irradiation (Chabrier & Baraffe
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2000) as well as high EUV and solar wind fluxes (Dong
et al. 2018). Even once on the main sequence, M dwarfs
can still exhibit strong flaring events (e.g., Davenport
et al. 2012) and the ratio of their high energy luminos-
ity to bolometric luminosity is substantially larger than
for Sun-like stars (e.g., Ribas et al. 2017; Peacock et al.
2018). Atmospheric escape on planets orbiting M dwarfs
could therefore be extremely high and sustained, raising
the possibility that the worlds orbiting in these stars’
habitable zones might be predominantly bare rocks with
little chance of hosting a surface biosphere (Zahnle &
Catling 2017, and references therein).
Although volatile loss could be prevalent on M dwarf
planets, there are also reasons to be hopeful about the
presence of atmospheres on these worlds. These plan-
ets might accumulate massive atmospheres in the first
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place (e.g., Ribas et al. 2016; Barnes et al. 2016), could
have magnetic fields that would guard against some loss
mechanisms (e.g., Segura et al. 2010), could outgas sec-
ondary atmospheres from their interiors, could have at-
mospheres with high mean molecular weight gases and
thermospheric coolants that suppress atmospheric es-
cape, or could be resupplied with volatiles from an ex-
ternal source, such as through cometary bombardment.
The relative efficiency of these processes remains highly
uncertain, however, so the final say on whether atmo-
spheres are common on rocky planets around M dwarfs
will have to be obtained empirically.
1.2. Current techniques for detecting exoplanet
atmospheres
The three main techniques for detecting atmospheres
on exoplanets are transmission spectroscopy during a
planet’s transit (transit spectroscopy), emission spec-
troscopy during a planet’s secondary eclipse (eclipse
spectroscopy), and thermal phase curves over the course
of a planet’s orbit. Transit and eclipse spectroscopy have
been discussed extensively elsewhere (Miller-Ricci et al.
2009; Bean et al. 2010; Barstow & Irwin 2016; Morley
et al. 2017; Louie et al. 2018; Batalha et al. 2018; Lustig-
Yaeger et al. 2019). These techniques rely on inferring
the spectral signature of atmospheric gases. For a tran-
sit that means ruling out a flat transmission spectrum.
For an eclipse that means ruling out a blackbody spec-
trum and detecting spectral features that are consistent
with gas phase molecules in the planet’s atmosphere (al-
though in practice the interpretation can be subtle, see
Section 3). Thermal phase curves as a means of de-
tecting atmospheres were proposed by Seager & Dem-
ing (2009). This technique relies on the signature of an
atmosphere’s heat redistribution. As long as the planet
can be assumed to be tidally locked into synchronous ro-
tation with permanent day- and nightsides, a bare rock
planet would exhibit a large day-night temperature dif-
ference in its thermal phase curve, whereas an atmo-
sphere would tend to reduce this temperature difference
(Seager & Deming 2009; Selsis et al. 2011; Koll & Abbot
2016; Kreidberg & Loeb 2016).
Unfortunately, all three techniques will likely require
substantial investments of observing time (Kalteneg-
ger & Traub 2009; Deming et al. 2009; Rauer et al.
2011; Snellen et al. 2013; Rodler & Lo´pez-Morales 2014;
Serindag & Snellen 2019). For transit and eclipse spec-
troscopy, estimates suggest that atmospheric detection
will require anywhere from multiple to more than a
dozen repeat observations with the James Webb Space
Telescope (JWST ) (Batalha et al. 2018; Louie et al.
2018; Morley et al. 2017). Phase curves are inherently
costly, because they need to span at least half a planet’s
orbit, and in some cases the observation might have to
be repeated to attain the desired signal-to-noise, thus
also requiring long observation periods.
Finally, observations would ideally not just detect the
presence of an atmosphere but characterize it in detail.
Doing so will be even more expensive than the above
estimates suggest because any single technique suffers
from a number of degeneracies and false positive sce-
narios. For example, transit spectroscopy can be lim-
ited by the presence of hazes and clouds (e.g., Kreidberg
et al. 2014; Sing et al. 2016); determining composition
from eclipse spectroscopy requires simultaneously deter-
mining the atmosphere’s thermal structure (e.g., Mad-
husudhan & Seager 2009; Line et al. 2016); and inferring
an atmosphere’s thickness from its thermal phase curve
requires simultaneous knowledge about its composition
(Koll & Abbot 2015). Any effort to move beyond atmo-
spheric detection to detailed characterization will thus
likely have to combine multiple techniques, increasing
the observational effort even more.
1.3. Our proposal: detecting candidate atmospheres via
eclipse photometry
Given how difficult it is to detect and characterize
atmospheres on small exoplanets, a fast screening tech-
nique is needed to identify those planets that are most
promising for follow-up campaigns. An efficient test for
the presence or absence of an atmosphere will also enable
exploration of a larger number of planets than can be
studied in detail, which is crucial for developing statisti-
cal insight into the formation and evolution of planetary
atmospheres.
Here we propose such a test, by considering how the
planet’s atmospheric heat transport affects its dayside
thermal emission, which can be measured through its
broadband secondary eclipse depth. Our proposal is
similar to that of Seager & Deming (2009), but we focus
solely on the observable dayside signature.
The energy budget of the planet’s dayside can be writ-
ten as (Burrows 2014)
Tday =T∗
√
R∗
d
(1− αB)1/4f1/4. (1)
Here Tday is the observed dayside brightness tempera-
ture, T∗ is the stellar temperature, R∗ is the stellar ra-
dius, d is the planet’s semi-major axis, αB is the planet’s
Bond albedo, and f is the so-called heat redistribution
factor. There are two limits for f :
f =
2/3 instant reradiation1/4 uniform redistribution (2)
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If a planet has no or a sufficiently thin atmosphere then
we consider it effectively a bare rock and f → 2/3
(Hansen 2008). Conversely, if the planet has a thick
enough atmosphere that its winds redistribute heat be-
tween day- and nightside then f will be reduced. In
the limit in which atmospheric heat transport becomes
highly efficient f → 1/4. Our proposal amounts to ob-
serving Tday, to infer whether f is significantly smaller
than the bare rock limit.
The main promise of atmospheric detection via eclipse
photometry is that it does not require high spectral res-
olution, so it should require less observation time than
spectroscopy or phase curves. Of course, like every other
technique, eclipse photometry also suffers from false neg-
atives and false positives. For example, Equation 1
shows a degeneracy between f and the albedo αB . Phys-
ically, this means a bare rock with high albedo can mimic
the dayside thermal emission of a low-albedo planet with
a thick atmosphere. As we discuss in detail in Section
6, we do not believe that this and other degeneracies
will greatly affect our proposal, based on both physical
modeling and the empirical observation that bare rocks
in the Solar System have low albedos.
Nevertheless, because false positives are possible and
in analogy to the Kepler and TESS missions, we con-
sider planets whose dayside brightness temperature
strongly deviates from that of a bare rock as “candidate
atmospheres”, but whose atmospheric nature should be
confirmed via follow-up.
1.4. Layout of this paper
The goal for the rest of this paper is to quantify
how much time is required to infer an atmosphere via
eclipse photometry, how this effort compares to the
effort needed with other atmospheric detection tech-
niques, and how many planets exist that could poten-
tially be studied with this technique. To do so we use at-
mospheric models to simulate the atmospheres of three
nearby rocky planets that are among the best known
targets for atmospheric characterization: TRAPPIST-
1b (Gillon et al. 2016; Delrez et al. 2018), GJ1132b
(Berta-Thompson et al. 2015), and LHS3844b (Vander-
spek et al. 2019). Common to all three is that they
are too hot to be habitable, which makes them easier
to characterize than habitable-zone planets and also de-
creases the likelihood of false positives for our proposed
technique (see discussion).
Our models are described in Section 2. We use these
models to generate simulated JWST observations and
compare our results against previous work in Section
3. We then quantify the observational effort required
for detecting an atmosphere using a wide range of tech-
niques, which we present in Section 4. For all three mod-
eled planets, we find that a single eclipse observation
with JWST will be able to confidently detect the atmo-
spheric heat redistribution signal of a thick atmosphere.
In contrast, most other techniques will require more ob-
servation time. Eclipse photometry is therefore a quick
and viable way of inferring atmospheres on rocky exo-
planets. In Section 5 we then estimate how many other
rocky planets exist for which eclipse photometry might
be feasible. We find that TESS should detect more than
100 rocky planets that this technique could be applied
to, which opens up the possibility of a future statistical
survey of atmospheres on rocky exoplanets. We discuss
our results in Section 6 and conclude in Section 7.
2. METHODS
Table 1 shows the planetary and host star param-
eters we use in our calculations for TRAPPIST-1b,
GJ1132b, and LHS3844b. These three planets span a
wide range of parameter space, and therefore also func-
tion as archetypes for other rocky planets that will be
discovered in the near future. TRAPPIST-1b is the
coolest planet we consider with a zero-albedo equilib-
rium temperature of 391 K. Combined with its low
surface gravity, TRAPPIST-1b suggests itself as a tar-
get that is most accessible via transit spectroscopy.
GJ1132b has a higher equilibrium temperature of about
578 K, and also a high surface gravity, which tends to
favor eclipse spectroscopy. LHS3844b is comparatively
hot at 805 K, and also has a short orbital period of just
over 11 hours, which makes it a favorable target for both
eclipse spectroscopy and thermal phase curves.
For each planet we simulate a range of different atmo-
spheric scenarios. We consider eight scenarios that cover
four different surface pressures, ranging from 10−2 to
10 bar, and two different atmospheric composition end-
members, namely pure H2O (steam) and pure CO2.
For each of these scenarios we use a 1D atmospheric
column model, HELIOS, to simulate the dayside-averaged
temperature-pressure (T-P) profile and the planet’s
emission spectrum. We also use HELIOS to simulate
the T-P profile near the terminator, which we use as in-
put to compute the planet’s transmission spectrum with
a second model, Exo-Transmit. Below we describe our
models in detail.
HELIOS is a 1D column model that uses hemispheric
two-stream radiation and convective adjustment to
simulate a dayside-averaged atmosphere in radiative-
convective equilibrium (Malik et al. 2017; Malik et al.
2019, Malik et al. submitted). We do not include con-
densation, so convection adjusts the atmosphere in un-
stable layers back to a dry adiabat. For the surface we
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Table 1. Stellar and planetary parameters.
R∗ (R) T∗ (K) Rp (R⊕) g (m/s2) Teq (K)a fCO2
b fH2O
b fCO2
c fH2O
c
TRAPPIST-1b 0.121 2511 1.12 7.95 391 0.40 0.28 0.66 0.62
GJ1132b 0.207 3270 1.16 11.8 578 0.44 0.31 0.66 0.64
LHS3844b 0.189 3036 1.32 12.9d 805 0.47 0.36 0.66 0.64
aEquilibrium temperature, which assumes full heat redistribution and zero albedo.
bHeat redistribution factor, for 1 bar surface pressure.
cHeat redistribution factor, for 0.01 bar surface pressure.
dAssuming 2.3 M⊕, based on Chen & Kipping (2017).
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Figure 1. Dayside temperature-pressure profiles as a function of surface pressure. Each row corresponds to a different
atmospheric composition, each column corresponds to a different planet. Dashed grey lines show convective adiabats. Vertical
temperature profiles are generally less steep than adiabatic, and are largely set by radiative transfer. Red symbols at the bottom
show theoretical limits: Trock = emission temperature of a bare rock, which corresponds to no heat redistribution (right side up
triangle), Teq = equilibrium temperature, which corresponds to full heat redistribution (circle), and Tskin = skin temperature
of a grey stratosphere, which is equal to Teq/2
1/4 (upside down triangle).
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use a spectrally uniform albedo of 0.1, where the chosen
value is motivated by a companion paper in which we
consider the potential albedos of rocky exoplanet sur-
faces in more detail (Mansfield et al., submitted). For
the radiative transfer we use ExoMol line lists for H2O
(Barber et al. 2006) and HITEMP for CO2 (Rothman
et al. 2010), calculated with HELIOS-K (Grimm & Heng
2015). We approximate the spectral lines with a Voigt
profile and sub-Lorentzian wing cut-off at 100 cm−1
from line center. Pressure broadening is included using
the default broadening parameters from the ExoMol
webpage and the self-broadening parameters from the
HITRAN/HITEMP database. Further included is CO2-
CO2 collision-induced absorption (Richard et al. 2012),
and Rayleigh scattering of H2O and CO2 (Cox 2000;
Sneep & Ubachs 2005; Wagner & Kretzschmar 2008;
Thalman et al. 2014). The radiative transfer calcula-
tion is performed using 300 wavelength bins between
0.33 and 1,000 µm, employing the correlated-κ assump-
tion with 20 Gaussian points in each bin. The final
emission spectra are post-processed at a resolution of
R=3000.
Because HELIOS is a vertical 1D model, it cannot re-
solve the atmosphere’s horizontal heat redistribution be-
tween day- and nightside. We parameterize the heat
redistribution as a function of surface pressure and at-
mospheric composition with a theoretical scaling that is
derived in another companion paper (Koll, submitted).
Briefly, the scaling parameterizes the heat redistribution
factor f as
f =
2
3
− 5
12
×
τLW
(
ps
1bar
)2/3 ( Teq
600K
)−4/3
k + τLW
(
ps
1bar
)2/3 ( Teq
600K
)−4/3 . (3)
Here ps is the surface pressure, Teq is the planet’s equi-
librium temperature, k ≈ 2, and τLW is the broad-
band longwave optical thickness. The heat redistribu-
tion factor correctly reduces to f = 1/4 for a thick atmo-
sphere with strong infrared absorption (ps, τLW become
large) and f = 2/3 for a vanishingly thin atmosphere
(ps, τLW → 0). We define the broadband optical thick-
ness τLW for a given atmospheric composition and sur-
face pressure based on the atmosphere’s attenuation of
the surface’s thermal emission,
τLW =− ln
[∫
e−τλBλ(Ts)dλ∫
Bλ(Ts)dλ
]
. (4)
Here Bλ is the Planck function, Ts is the surface tem-
perature, and τλ is the atmosphere’s column-integrated
optical depth at a given wavelength computed with
HELIOS. Table 1 shows values of f in our simulations
with 1 bar and 0.01 bar surface pressure. Atmospheres
with 1 bar surface pressure have a heat redistribution
that clearly deviates from a bare rock, whereas in thin-
ner atmospheres heat redistribution becomes inefficient.
For our transmission spectra we use Exo-Transmit
(Kempton et al. 2017). We use the standard opacity
data tables included with Exo-Transmit for 100% H2O
and 100% CO2 atmospheres. As input we use T-P pro-
files generated from HELIOS, which differ from the ones
we use to generate emission spectra only in that they are
calculated at a zenith angle of 80 degrees, appropriate
for regions near the planet’s limb.
For our JWST noise calculations we use PandExo
(Batalha et al. 2017). We use a saturation limit of 50%
full well to avoid a potentially nonlinear detector re-
sponse at higher electron counts, and assume an out-
of-transit baseline that is 4 times as long as the transit
duration. We allow PandExo to optimize the number of
groups per integration. We do not include an inherent
noise floor, which is an optimistic assumption. We do so
because it allows us to better compare our results with
previous studies which also did not include a noise floor
(Morley et al. 2017; Batalha et al. 2018).
For reference, Greene et al. (2016) suggested a noise
floor of 20 ppm for a single observation with NIR-
Spec and 50 ppm for a single observation with MIRI.
We find that roughly half of our estimated errors for
TRAPPIST-1b and LHS3844b fall below these thresh-
olds, while for GJ1132b almost all errors fall below these
thresholds due to its brighter host star. Even though
our noise calculations are thus optimistic and could be
affected by systematics, we also find that almost all er-
rors lie within a factor of 2 of the thresholds suggested
by Greene et al. (2016). As a conservative estimate,
systematics could thus increase our observation times in
Section 4 by at most a factor 22 = 4, with planets around
bright host stars such as GJ1132b most likely to be af-
fected. These values are highly uncertain, however, and
JWST ’s actual performance remains to be seen. The re-
sults from the Transiting Exoplanet Community Early
Release Science Program will help bring clarity to this
issue (Bean et al. 2018).
For the host stars we use blackbody spectra in our
emission calculations, and spectra from the PHOENIX on-
line library (Husser et al. 2013) for the noise calcula-
tions with PandExo. We interpolate the PHOENIX spectra
for the stellar temperatures in Table 1 and additionally
use log10 gstar = 5.22
y, 5.06y, 5.06, and [M/H] = 0.04,
-0.12, 0 for TRAPPIST-1b (Delrez et al. 2018), GJ 1132
(Berta-Thompson et al. 2015) and LHS 3844 (Vander-
spek et al. 2019), respectively. The log10 gstar values
marked with a y are our own estimates, which we derive
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from the stellar mass. The metallicity of LHS 3844 is
unknown, which is why we adopt solar metallicity for
that star.
Figure 1 shows the dayside-average temperature pro-
files that we simulate with HELIOS. We find that strato-
spheric inversions are common, particularly for H2O at-
mospheres. Because we do not include other absorbers
here, such as TiO, the inversions have a different cause
than those on hot Jupiters. These inversions also occur
if we use PHOENIX spectra instead of blackbodies for the
host stars. Instead, the inversions are caused by strong
atmospheric absorption in the near-IR together with the
cool host stars emitting most strongly in the infrared,
which we explain in detail in a third companion paper
(Malik et al. submitted).
Figure 1 also shows that radiation is generally more in-
fluential than convection in setting vertical temperature
structures. The dashed lines in Figure 1 show adiabatic
profiles for comparison. In a few cases the lowest scale
height is close to an adiabat, such as for an H2O atmo-
sphere on GJ1132b and LHS3844b, but in most cases
convection is either confined to a narrow surface layer
or altogether absent (e.g., TRAPPIST-1b with 10 bars
of CO2).
3. SIMULATED OBSERVATIONS WITH JWST
3.1. Simulated observations
We process our simulations to wavelength ranges that
will be observable with JWST. For transit spectroscopy
we consider NIRSpec/G235M between 1.66-3.07 µm.
For eclipse spectroscopy we consider MIRI/LRS between
5-12 µm.
To evaluate whether JWST can detect an atmosphere
we use a simple χ2 metric. Qualitatively, if the re-
duced χ2 value, χ2ν = χ
2/ν, is much bigger than χ2ν ∼
1 +
√
2/ν, which is of order unity, we can reject the null
hypothesis that the planet is a bare rock and consider
this an atmospheric detection. Here ν is the number of
degrees of freedom in a given spectrum. For example,
with ν = 3, we might have some confidence in an at-
mospheric detection once χ2ν  1 +
√
2/3 = 1.8. More
formally, the probability that χ2ν > 2 is 11% and the
probability that χ2ν > 3 is 3%. The null hypothesis,
and thus the χ2 value, as well as ν have to be defined
differently for each technique as follows.
For transit spectroscopy we compute χ2 from the
fit between the observed wavelength-dependent transit
depth and a flat line, where the flat line is simply the
average transit depth in the NIRSpec wavelength range.
Because the flat line is derived from the observations,
ν is equal to the number of observed datapoints minus
one.
For eclipse spectroscopy we require observations to
rule out a blackbody to count as an atmospheric de-
tection. We note that this definition is susceptible to
false positives: bare rocks can have spectral features
(see discussion) and a planet’s emission spectrum can
be contaminated by reflected stellar light. For cool stars
this could impart molecular features in emission that
are due to molecules in the star’s, not the planet’s, at-
mosphere. There are also possible false negatives: an
atmosphere with very thick clouds could hypothetically
resemble a blackbody. Such an atmosphere would be un-
detectable via spectroscopy, and detection would instead
need to rely on eclipse photometry or thermal phase
curves. Our detection metric for eclipse spectroscopy
is therefore over-confident, and in practice atmospheres
might be more difficult to detect using this technique.
The temperature of the null hypothesis blackbody,
which physically corresponds to the planet’s dayside
brightness temperature, is a priori unknown so we use
the same two-step procedure as one would follow with
actual observations. First, we fit a blackbody to the
observed spectrum using scipy.optimize.curve fit,
optimizing for the blackbody’s temperature. Second, we
compute χ2 from the fit between the observed emission
spectrum and the best-fit blackbody spectrum. Because
one degree of freedom is used to fit the blackbody’s tem-
perature, ν is again equal to the number of observed
datapoints minus one.
For eclipse photometry we compute χ2 from the dif-
ference between the observed emission spectrum and a
blackbody spectrum that assumes no heat redistribu-
tion. We assume that the surface albedo of the no-heat-
redistribution blackbody is known and equal to 0.1 (see
Section 6). Although we are computing a photometric
signal, we use the same spectral resolution as for eclipse
spectroscopy. In theory we could bin even further, to
a single photometric datapoint, but in practice we find
that increased binning leads to little increase in statis-
tical significance for many cases. Because the eclipse
depth of the no-heat-redistribution blackbody is defined
independently of any observed datapoints, ν is equal to
the number of observed datapoints.
For phase curves we compute χ2 from the phase curve
amplitude, i.e., the day-night emission difference. To
do so we first generate a nightside emission spectrum
by rescaling the emitted dayside flux via a spectrally
uniform factor that depends on the atmosphere’s heat
redistribution, Fnight = 3/5× (2/3− f)/f × Fday. This
expression guarantees the correct nightside fluxes in the
thick and thin atmosphere limits. We then compare the
phase amplitude (i.e., the day-night flux difference) of
the planet with an atmosphere to the phase amplitude
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Figure 2. Transit spectra observed by JWST. Each row corresponds to a different atmospheric composition, each column
corresponds to a different planet, and colors correspond to different surface pressures. Here χ2ν indicates the goodness of fit to
a flat line (black dots). For simplicity we only show χ2ν for simulations with 1 bar surface pressure.
of a bare rock, and set ν equal to the number of ob-
served datapoints. We note that phase curves contain
additional information that can be used to infer the pres-
ence of an atmosphere, such as hot spot offsets. Here we
only focus on the phase curve amplitude because global
climate models suggest that hot spot offsets become neg-
ligible on rocky planets with relatively thin atmospheres
(Koll & Abbot 2015, 2016).
We note that the χ2 metric is overly conservative be-
cause it does not capture spectral correlations. For ex-
ample, a high-resolution transit spectrum could have
a small χ2 value relative to a flat line, yet still show
clear correlation between nearby points that are part of
a spectral band. A full retrieval model would be able
to detect this band structure, and thus infer an atmo-
sphere, whereas a simple χ2 test might miss it. To ac-
count for this effect we downsample all simulated spectra
to low spectral resolution, so each spectral point corre-
sponds to a single spectral band. To downsample we
weight simulated data by the inverse variance at each
wavelength, so points with smaller error bars contribute
more to the spectral mean than points with larger er-
ror bars. In practice this mostly affects the MIRI/LRS
bandpass, where detector efficiency as well as stellar
photon count decrease notably between 5 µm and 12 µm.
We select the low-resolution spectral bands by hand for
each atmospheric composition. A retrieval algorithm
would have to infer these bands from the data, so by
giving ourselves this information we are increasing the
likelihood of detecting a spectral signature (i.e., a real
spectral retrieval would be less confident in detecting an
atmosphere than our hand-tailored approach).
Figure 2 shows what our synthetic JWST transit spec-
tra look like, with error bars representing a single tran-
sit. For both H2O and CO2 atmospheres we bin the
transit down to just four spectral points, which cap-
ture the dominant bands and windows of each gas in
the NIRSpec wavelength range. Figure 2 also shows
the χ2ν values relative to a flat line; for ease of viewing
we only show χ2ν for the simulations with 1 bar sur-
face pressure. For H2O atmospheres we find χν > 1
in all cases. The best transit target is TRAPPIST-1b
with χν = 12.2 but even the worst target, GJ1132b,
has χν = 3.9. A single transit spectrum should thus
be sufficient to infer an atmosphere. The χ2ν values are
smaller for CO2, due to CO2’s higher mean-molecular-
weight (MMW) and smaller scale height, but even here
we find χν = 3.0 for TRAPPIST-1b and χν = 2.6 for
LHS3844b. The only scenario in which a single tran-
sit is not sufficient to detect an atmosphere is GJ1132b
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with a CO2 atmosphere for which χ
2
ν = 0.9. We note,
however, that the detectability of these transit spectra is
optimistic because they do not include any atmospheric
aerosols. We explore the possible impact of clouds and
hazes on transit spectroscopy in the next Section.
Figure 3 shows what our synthetic JWST emission
spectra look like, with error bars representing a single
eclipse. For H2O we bin the data down to just two
spectral points in the MIRI/LRS bandpass, for CO2 we
use five spectral points. Figure 3 shows the χ2ν values
for an observed emission spectrum relative to a best-fit
blackbody and relative to a bare rock blackbody. We
find that it is difficult to detect spectral features via
eclipse spectroscopy for cool planets, while warm planets
are feasible targets. For example, we find χ2ν = 0.3
for TRAPPIST-1b with an H2O atmosphere whereas
χ2ν = 3.5 for LHS3844b with a CO2 atmosphere.
In contrast to eclipse spectroscopy, we find that eclipse
photometry can detect atmospheres with heat redistri-
bution in the vast majority of cases. Even for a cool
planet like TRAPPIST-1b with a H2O atmosphere, we
find that 1 bar of atmosphere leads to a notable dif-
ference between the dayside’s broadband emission and
a bare rock’s (χν = 13.7). The only case in which a
single eclipse is not sufficient for a confident detection
is TRAPPIST-1b with a CO2 atmosphere, for which
χν = 1.3. The ease of detection via eclipse photome-
try strongly increases with temperature, and LHS3844b
with 1 bar of CO2 deviates very strongly from a bare
rock (χν = 10.3).
Figure 4 illustrates how we compute the JWST phase
curve signal. Here we show LHS3844b with a CO2 atmo-
sphere. First, we rescale the simulated dayside to get a
nightside emission spectrum. We then compute the day-
night flux difference, and compare this difference to the
day-night difference of a bare rock. The error bars are
the same as in Figure 3, which amounts to binning the
observed phase curve into bins of 31 min (the duration
of a transit or eclipse for LHS3844b). We find that, sim-
ilar to eclipse photometry, phase curves should be able
to infer thick atmospheres with high confidence and a 1
bar atmosphere on LHS3844b would be ruled out with
χν = 30. The high confidence of this atmospheric detec-
tion, however, has to be weighed against its (potentially
high) observational cost, which we consider in the next
section.
3.2. Comparison with previous work
Our results qualitatively agree with previous JWST
calculations, even though we employ a number of dif-
ferent modeling assumptions and we simulate different
instrument modes.
Batalha et al. (2018) computed signal-to-noise (SNR)
for transit observations of cool habitable-zone planets
and found that about 10 repeated transits with the NIR-
Spec Prism mode are needed to detect spectral features.
This number is much larger than the single transit we
find here, but Batalha et al. (2018) focused on cooler
planets and included high-altitude clouds in their calcu-
lations. Indeed, as we show in the next section, clouds
and hazes greatly increase the observational effort to de-
tect an atmosphere via transit spectroscopy.
Louie et al. (2018) computed SNR for transit observa-
tions of warm super-Earths with H2O atmospheres using
the NIRISS instrument and found that 10h of telescope
time (about 2-3 transits) are sufficient to detect spectral
features on TRAPPIST-1b and GJ1132b with a high
SNR of about 20-40. These numbers suggest that a sin-
gle transit would be sufficient for atmospheric detection,
in agreement with our results. Moreover, our χ2 calcu-
lation is similar to their SNR metric, and we find that
the two metrics agree to within a factor of 3 or better
once we account for the different observation lengths.
Mollie`re et al. (2016) simulated transit spectra of GJ
1214b with a cloudy, relatively high mean molecular
weight atmosphere and found that about 10 transits
with NIRSpec could rule out a flat line with 95% prob-
ability. Although their result is again strongly affected
by clouds and hazes and considered a different planet,
it is to order of magnitude comparable with estimates
we present in the next section for how clouds and hazes
can impact transmission spectroscopy.
Morley et al. (2017) estimated the amount of time re-
quired to characterize an atmosphere for both transit
and eclipse spectroscopy using the same set of instru-
ment modes as we do. They found that for a favor-
able transit target like TRAPPIST-1b with a CO2 at-
mosphere, about six transits are needed to rule out a flat
line at 5σ confidence, while other targets would require
longer observations. Similarly, for a favorable emission
target like GJ1132b, about 2-3 eclipses are needed to
detect the secondary eclipse at 25σ confidence. We will
show in the next section that these results are compara-
ble to our own calculations, even though our estimates
are slightly more optimistic. For example, we estimate
that a 5σ detection of CO2 on TRAPPIST-1b will re-
quire about four transits, compared to Morley et al.’s
six transits.
We note that even though our detectability estimates
are comparable to those of previous groups, we use
different physical assumptions. For example, we sim-
ulate temperature profiles in self-consistent radiative-
convective equilibrium. In contrast, Batalha et al.
(2018) assumed a parameterized temperature profile
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that was based on analytic grey calculations, and Morley
et al. (2017) assumed that all atmospheres are convec-
tive up to a pressure of 0.1 bar and are capped by an
isothermal stratosphere whose temperature is equal to
the skin temperature.
The different assumptions about temperature profiles
should only have a small effect on transit spectra, but
they will affect emission spectra. We find that convec-
tion is generally suppressed due to the red host star
spectra and atmospheric shortwave absorption (Fig. 1).
The clear majority of our simulations also do not show
a transition between convective and radiative zones at
around 0.1 bar, which has been proposed based on Solar
System atmospheres (Robinson & Catling 2014). This
means vertical temperature gradients on M dwarf plan-
ets should generally be smaller, and signals for emission
spectra lower, than one might predict with parameter-
ized convective temperature profiles.
4. COMPARING DETECTION EFFICIENCY FOR
DIFFERENT OBSERVATION STRATEGIES
In this section we combine the results from the previ-
ous section to address our initial question: how much
telescope time is needed to infer an atmosphere via
eclipse photometry, and how does this effort compare
to the effort required with other techniques? To do so
we take the χ2 values we computed for a single tran-
sit or eclipse in the previous section, and use the χ2
distribution to convert them into a probability of rul-
ing out the no-atmosphere null hypothesis. To compute
how the detection probability increases with the number
of repeated measurements we assume photon noise and
scale our JWST error bars for a single transit or eclipse
by 1/
√
Nobs.
We consider two planetary scenarios: an optimistic
scenario with a surface pressure of 1 bar, so that the at-
mosphere is thick enough to substantially affect the day-
night heat redistribution as well as the observed spectral
features, and a pessimistic scenario with a surface pres-
sure of 0.01 bar, so that the atmosphere’s day-night heat
redistribution and observable spectral features are weak.
H2O and CO2 atmospheres become increasingly vulner-
able to atmospheric collapse at surface pressures lower
than 0.1-0.01 bar, so this surface pressure is a reason-
able lower bound for the atmospheric compositions we
consider here (Joshi et al. 1997; Wordsworth 2015; Koll
& Abbot 2016).
We compare the four techniques for inferring an at-
mosphere laid out in Section 3: transit spectroscopy,
eclipse spectroscopy, eclipse photometry, and thermal
phase curves. We note that our calculated spectra do
not include aerosols, which is an optimistic assumption
because high-altitude clouds or hazes can curtail the am-
plitude of observable spectral features. This assumption
is particularly problematic for atmospheric detection
via transit spectroscopy, because transit spectroscopy is
more sensitive to clouds than other techniques (Fortney
2005) and because a cloudy transit spectrum cannot be
distinguished from a bare rock. Motivated by observa-
tions of hot Jupiter transits, we therefore add a ‘cloudy’
transit scenario in which we multiply the amplitude of
our simulated transit spectra by 1/3 (Wakeford et al.
2019).
To compare each observation technique in terms of its
observational effort, we convert the telescope time neces-
sary to measure a phase curve into an equivalent num-
ber of transit or eclipses. Phase curves cover half the
planet’s orbital period, and we assume that every ob-
servation requires 3 hours of additional overhead time
due to telescope slew, detector burn-in, and measure-
ment of the star’s out-of-transit/eclipse baseline flux,
similar to the value used in Louie et al. (2018). For
reference, phase curves of TRAPPIST-1b and GJ1132b
require about as much JWST time as six transits or
eclipses of the same planets.
Figure 5 shows our main result. We display probabil-
ities as well as an approximate detection significance in
terms of σ confidence levels (e.g., a 95.45% probability
is equal to 2σ). Once probabilities exceed 5σ we round
up to 100%. The top left of Figure 5 represents cool
atmospheres with large scale heights, while the bottom
right of Figure 5 represents hot atmospheres with small
scale heights. As we discussed in Section 3, signals are
large for transit spectroscopy in the top left while signals
are large for eclipse spectroscopy in the bottom right.
Figure 5 shows that eclipse photometry is very promis-
ing for atmospheric detection. As long as the atmo-
sphere is thick enough to induce a significant heat re-
distribution, eclipse photometry should be able to de-
tect this signal with one to two JWST eclipses. For
most planet scenarios shown in Figure 5 we find that a
single JWST eclipse should be able to rule out a bare
rock with more than 3σ confidence. The only exception
is Trappist-1b with a CO2 atmosphere, for which two
eclipses are required to reach 2σ. In all other cases two
eclipses are sufficient to rule out a bare rock at more
than 4σ. Eclipse photometry could therefore be used
to quickly search favorable rocky exoplanets for atmo-
spheric signatures, as revealed by their dayside emission
temperatures.
Figure 5 also indicates that transit spectroscopy is
promising, especially for cool planets with low surface
gravity and lower-MMW atmospheres. This result is
sensitive, however, to the potential presence of clouds or
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Figure 5. This plot shows how many repeated transit or eclipse observations with JWST are required to detect the presence of a
1 bar atmosphere. We compare four different detection methods: transit spectroscopy, eclipse spectroscopy, eclipse photometry,
and phase curves. For transit spectroscopy, we also include a ‘cloudy’ case with reduced signal amplitude (see Section 4). For
phase curves we convert the observation time needed into an equivalent amount of transits or eclipses. Because we assume 1
bar of surface pressure, the atmosphere is thick enough to significantly modify the planet’s heat redistribution.
hazes. For example, if GJ1132b had a clear H2O atmo-
sphere, a single JWST transit should be able to detect
this atmosphere at almost 3σ confidence. In contrast,
for a cloudy transit spectrum it would take about 10
transits to build up the same detection confidence. Our
result is in qualitative agreement with previous theoret-
ical work (Fortney 2005) as well as observations of hot
Jupiters (Sing et al. 2016) which show that transit spec-
troscopy is highly susceptible to high-altitude clouds and
hazes.
Eclipse spectroscopy becomes more promising than
transit spectroscopy on hotter planets with higher-
MMW atmospheres. For example, even if LHS3844b
and GJ1132b had clear CO2 atmospheres, these at-
mospheres would be easier to detect via eclipse spec-
troscopy than transit spectroscopy. This dependence
on temperature is driven by the two methods’ different
sensitivities: a planet’s transit signal is proportional to
the atmospheric scale height, which increases linearly
with temperature, whereas a planet’s eclipse signal is
proportional to the Planck function (Cowan et al. 2015),
which increases much faster than linearly with temper-
ature at the relevant wavelengths. For example, the
peak of the Planck function max(Bλ) for these three
planets is inside or close to the MIRI/LRS bandpass,
and max(Bλ) ∝ T 5. As long as the atmospheric MMW
remains high, eclipse spectroscopy thus always becomes
more favorable on hotter planets.
Thermal phase curves are surprisingly attractive when
compared to transit and eclipse spectroscopy, even
though they require a relatively large observational in-
vestment up front. For example, phase curves always
outperform cloudy transit spectroscopy and eclipse spec-
troscopy in Figure 5. This is particularly the case for
short-period planets like LHS3844b, where its short or-
bital period means that a single phase curve is relatively
cheap compared to repeated transits or eclipses.
Figure 5 also shows that detection methods with
higher spectral resolution generally improve quicker with
repeated observations. This effect can be seen for
LHS3844b with an H2O atmosphere where the detec-
tion probability for a cloudy transit first lags behind,
but then rises faster than, eclipse spectroscopy. The un-
derlying reason is that we bin the emission spectrum of
an H2O atmosphere down to just two spectral points,
whereas the transit spectrum contains four points (see
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Figure 6. Similar to Figure 5, this plot shows how many repeated transit or eclipse observations with JWST are required
to detect the presence of a 0.01 bar atmosphere. We compare four different detection methods: transit spectroscopy (without
and with clouds), eclipse spectroscopy, eclipse photometry, and phase curves. For phase curves we convert the observation time
needed into an equivalent amount of transits or eclipses. In contrast to Figure 5, the surface pressure here is 0.01 bar so the
atmosphere is thin and heat redistribution is relatively inefficient.
Section 3). Even though the transit spectrum thus starts
at a lower SNR than the emission spectrum, it contains
more degrees of freedom and its SNR improves faster
with more observations.
Figure 6 is the same as Figure 5, but shows our re-
sults for a thin atmosphere with less efficient heat redis-
tribution. We find that thinner atmospheres are more
difficult to detect overall, but transit and eclipse spec-
troscopy are less affected by low surface pressure than
eclipse photometry and thermal phase curves. For ex-
ample, reducing the atmosphere’s thickness on GJ1132b
from 1 bar to 0.01 bar roughly doubles the observ-
ing time necessary to detect CO2 spectral features via
eclipse spectroscopy. In contrast, the same reduction in
atmospheric thickness on GJ1132b increases the obser-
vational effort for eclipse photometry by a factor of five
and for phase curves by more than a factor of ten.
The comparison of Figures 5 and 6 shows that no
atmospheric detection method always outperforms all
others. However, as long as planets that are favor-
able for observations also have moderately thick atmo-
spheres, these atmospheres can be detected with one to
two eclipses. Eclipse photometry is therefore a promis-
ing screening method that can justify and guide JWST
follow-up efforts.
5. POTENTIAL FOR FUTURE ATMOSPHERIC
SEARCHES
Our calculations consider three planets that are widely
agreed-upon to be excellent targets for atmospheric
characterization with JWST (Morley et al. 2017; Louie
et al. 2018). However, the number of rocky exoplanets
that are potentially suitable for atmospheric character-
ization is growing rapidly thanks to the TESS mission,
so how many more planets could JWST feasibly search
for candidate atmospheres?
To address this question, we perform an estimate us-
ing the exoplanet catalog from Sullivan et al. (2015) and
the analytical emission spectroscopy metric (ESM) from
Kempton et al. (2018). Although the ESM is only an
analytical approximation, it adequately captures the χ2
ordering in Figure 3. LHS3844b has the highest χ2 value
compared to a bare rock and it also has the highest ESM
value of 30, while GJ1132b and TRAPPIST-1b have ap-
propriately smaller ESMs of 10 and 4 respectively. We
note that these ESM values are slightly different from
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Figure 7. This plot shows the number of potential rocky planets that are accessible to single-eclipse photometry. Left
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delineates TRAPPIST-1c’s ESM. Right shows the histogram of all planets as a function of ESM; there are Nabove = 124 planets
in the Sullivan catalog with an ESM greater than that of TRAPPIST-1c.
those reported in Kempton et al. (2018) due to different
assumed stellar properties; here we use stellar properties
that match Table 1.
We first estimate an ESM threshold below which a sin-
gle eclipse is no longer sufficient for detecting an atmo-
sphere. To do so we focus on the TRAPPIST-1 system,
because all of its planets share the same host star. We
rescale the emission spectrum of TRAPPIST-1b with
a 1 bar atmosphere from HELIOS to that of the colder
TRAPPIST-1 planets, using the ratio of the planets’
bare-rock Planck functions as the scaling factor. We
find that χ2 of TRAPPIST-1c’s spectrum relative to a
bare rock already drops to 0.5 for a CO2 atmosphere
and 4.4 for a H2O atmosphere. For TRAPPIST-1d this
value drops further, to 0.1 for CO2 and 0.9 for H2O. We
therefore consider TRAPPIST-1c, which has an ESM of
1.8, to be the marginal case above which single-eclipse
photometry can still detect a 1 bar atmosphere of the
right composition with some confidence.
Figure 7 shows the ESM for all simulated rocky plan-
ets from the Sullivan catalog as well as the ESM for a
number of actual rocky planets. To narrow down the
Sullivan catalog we only consider planets smaller than
1.5 times Earth’s radius to be rocky. We note that the
occurrence rates in the Sullivan catalog are likely biased
for planets around small host stars, and the number of
planets found by TESS could be higher depending on
the multiplicity of planets around small host stars (Louie
et al. 2018). Blue dots in Figure 7 show some favorable
rocky planets detected before the launch of TESS (De-
mory et al. 2011; Winn et al. 2011; Berta-Thompson
et al. 2015; Becker et al. 2015; Dittmann et al. 2017;
Gillon et al. 2017), orange dots show planets or planet
candidates that were announced recently (Vanderspek
et al. 2019; Dumusque et al. 2019; Gu¨nther et al. 2019;
Kostov et al. 2019; Espinoza et al. 2019; Luque et al.
2019; Crossfield et al. 2019; Winters et al. 2019), and the
blue shaded region indicates the habitable zone (Yang
et al. 2014).
According to Figure 7, TESS should detect 124 rocky
planets that are favorable targets for atmospheric detec-
tion via eclipse photometry. Detailed follow-up of these
planets will be more difficult, however, as only 19 of
them have an ESM greater than GJ1132b’s and only one
of them has a transmission spectroscopy metric (TSM)
greater than GJ1132b’s (also see Kempton et al. 2018).
For reference, in the last year TESS has discovered two
planets with an ESM greater than GJ1132b’s, namely
LHS3844b and HD213885b, and eight planets with an
ESM smaller than GJ1132b’s (Fig. 7).
The prospect that TESS will find many targets that
are amenable to eclipse photometry, but difficult to
characterize in more detail, thus favors statistical sur-
veys. For example, theoretical models predict that at-
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mospheric escape is strongly sensitive to host star type
via the host star’s XUV output (Zahnle & Catling 2017).
Out of the 124 planets from the Sullivan catalog, 20 of
them orbit late M dwarfs with stellar temperatures less
than 3300 K, while 85 of them orbit mid to early M
dwarfs with stellar temperatures between 3300 and 4000
K. A JWST survey could thus empirically test whether
there is a strong correlation between host star type and
the ability of rocky exoplanets to retain an atmosphere,
which is an important constraint for planetary evolution
models as well as future astrobiological searches.
6. DISCUSSION
6.1. False Positives
Bare rocks with high Bond albedos are an important
false positive scenario for our proposal because, just like
a thick atmosphere, a high albedo would also reduce a
planet’s dayside thermal emission (see Eqn. 1).
We consider this false positive scenario unlikely. First,
in a companion paper we compile geological and labora-
tory evidence which suggests that the surface albedos of
rocky exoplanets with equilibrium temperatures in the
range of the planets we consider here, 300 K< Teq < 880
K, should be low (Mansfield et al, submitted). The un-
derlying reason is that many geologic surfaces with high
albedo (e.g., granites, clays) are either water-rich or re-
quire liquid water to form, which is unlikely for planets
with Teq > 300 K because these planets are located in-
side the inner edge of the M dwarf habitable zone. At
the same time, planets with Teq > 880 K are hot enough
to vaporize substantial amounts of rock on their day-
side over geologic timescales. This partial vaporization
would preferentially remove more volatile species, and
so could leave behind a low-volatile residue rich in Alu-
minium and Calcium compounds that have high albe-
dos. By focusing on planets with 300 K≤ Teq ≤ 880
K, we minimize the possibility of either false positive
scenario occuring.
Second, Solar System analogs similarly suggest that
exoplanets without atmospheres will have low albedos
(Madden & Kaltenegger 2018). Notable bare rocks in
the Solar system include Mercury, which has an albedo
of less than 0.1, the Moon and Ceres, which have albedos
of 0.1-0.15, and asteroids, the majority of which have
an albedo less than 0.2 (Wright et al. 2016). There
are some airless bodies in the Solar system with high
albedos, such as Europa with an albedo of ∼ 0.6, and
Jupiter’s moon Io with an albedo of ∼ 0.5. However,
neither Europa nor Io are plausible analogs for short-
period exoplanets, because their high albedos are caused
by water ice and condensed sulfur species that are un-
stable inside the inner edge of the habitable zone. We
note that sulfur can exist in liquid form inside the inner
edge of the habitable zone (Theilig 1982), but any sulfur
pools or oceans would again have a low albedo (Nelson
et al. 1983). Based on these considerations, we believe
it is justified to assume that other rocky exoplanets will
have similarly low surface albedos.
Another false positive scenario is a planet that is not
tidally locked. In this case the dayside emission temper-
ature would be lower due to the planet’s rotation instead
of atmospheric heat redistribution. Based on theoreti-
cal arguments we consider this scenario unlikely. First,
atmospheric models show that even non-synchronous ro-
tators have day-night temperature contrasts similar to
tidally locked rotators if the planet is sufficiently hot
and the atmosphere sufficiently thin, so that the atmo-
sphere’s radiative timescale is short compared to the
planet’s rotation period (Rauscher & Kempton 2014).
Following this argument GJ1132b in a 3:2 spin-orbit
resonance would appear effectively tidally locked if its
atmosphere were thinner than ∼0.5 bar. If the dayside
temperature were then observed to be much cooler than
a tidally locked bare rock, this would still indicate a
relatively thick atmosphere. Second, tidal models sug-
gest that non-synchronous rotation is unlikely for short-
period planets orbiting small host stars (Leconte et al.
2015; Barnes 2017), which includes all three targets we
consider above, even though it might become relevant
for planets around late K and early M dwarfs that are
located inside their host stars’ habitable zone.
A final false positive scenario is dynamical heat re-
distribution by a lava ocean instead of an atmosphere.
This scenario does not apply to planets like LHS3844b or
GJ1132b, and is only feasible on planets like 55 Cancri e
which are hot enough that their dayside is molten while
simultaneously cool enough that rock vapor does not
form a thick atmosphere. However, even for 55 Cancri
e we do not consider heat redistribution by a lava ocean
likely based on theoretical estimates that lava ocean cur-
rents are too slow to affect planetary heat redistribution
in the absence of a wind-driven circulation (Kite et al.
2016).
6.2. False Negatives
Thin atmospheres with inefficient heat redistribution
are a likely false negative scenario for our proposal.
Such atmospheres would be easier to detect via tran-
sit and eclipse spectroscopy, or potentially by detecting
the planet’s nightside emission via thermal phase curves
(Fig. 6).
We note that some atmospheres might be thin but still
have significant cloud cover, analogous to how Mars’
atmosphere is thin but can produce reflective clouds
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as well as optically thick planet-encircling dust storms.
Such thin atmospheres might not reveal their presence
via the atmosphere’s heat redistribution but could still
be detectable in eclipse photometry through the clouds’
effect on the planet’s albedo, which is a possibility for
identifying candidate atmospheres that we explore in a
companion paper (Mansfield et al, submitted).
6.3. Additional physics
Our models do not include the impact of clouds on the
dayside emission spectrum, nor do we consider the in-
creased day-night latent heat transport in atmospheres
with condensation. Both processes should tend to re-
duce the dayside brightness temperature, and thus could
affect the quantitative interpretation of eclipse observa-
tions. However, given that both processes are atmo-
spheric phenomena, a low observed brightness tempera-
ture would thus still be indicative of an atmosphere.
We also assume blackbody spectra for the planet sur-
face, even though minerals can induce spectral features
on airless bodies (Hu et al. 2012). Surface-induced spec-
tral features are an important potential false positive for
eclipse spectroscopy, which should be explored in future
work. Nevertheless, we don’t expect that surface spec-
tral features would negatively affect atmospheric detec-
tion via eclipse photometry. The underlying reason is
that the emissivity of many minerals tends to increase
from shorter to longer wavelengths, so the brightness
temperature an observer sees at relatively long wave-
lengths in the MIRI bandpass will be biased high (Mans-
field et al, submitted). This bias works in the opposite
direction of atmospheric heat transport, so an observed
cool dayside would be even more indicative of an atmo-
sphere if we accounted for surface spectral features than
it is with a blackbody surface.
7. CONCLUSIONS
We have used simulated transit spectra, eclipse spec-
tra, and JWST noise calculations to compare the effi-
ciency of different methods for detecting atmospheres
on rocky exoplanets. Focusing on three planets that
are high-priority targets for atmospheric characteriza-
tion with JWST, we find the following:
1. For targets that are amenable to atmospheric
follow-up, one to two eclipses with JWST should
be sufficient to detect the heat redistribution sig-
nal of a moderately thick atmosphere with O(1)
bar of surface pressure. Eclipse photometry is
therefore a promising method for quickly identi-
fying candidate atmospheres.
2. Candidate atmospheres can be confirmed by
follow-up transit spectroscopy, eclipse spec-
troscopy, or thermal phase curves. No follow-up
technique is always superior, and the best obser-
vational strategy will depend on stellar, planetary,
and atmospheric parameters (Figures 5, 6). In
particular, if rocky exoplanet atmospheres are
cloud- and haze-free, transit spectroscopy will be
attractive for a broad range of targets. If tran-
sit spectroscopy is muted by hazes, eclipse spec-
troscopy and thermal phase curves might still be
viable techniques for atmospheric characteriza-
tion.
In addition, we have estimated how many rocky exo-
planets will be detected by TESS that could be studied
using eclipse photometry on JWST. TESS will find more
than 100 hot, non-habitable planets that are potentially
amenable to this technique (Figure 7). About 10 such
planets have already been announced over the past year.
A comparatively modest JWST Large program (i.e.,
> 75 hours) should be sufficient to screen the most ac-
cessible of these planets for candidate atmospheres, and
would then provide a stepping stone to more compre-
hensive follow-up campaigns. Eclipse photometry is
also an attractive option for future statistical surveys to
constrain what fraction of rocky planets host thick at-
mospheres, which is an important unknown in the search
for life around other stars.
We thank an anonymous reviewer for positive and
constructive feedback that helped improve this work.
D.D.B.K. was supported by a James McDonnell Foun-
dation postdoctoral fellowship. M. Malik acknowledges
support from the Swiss National Science Foundation un-
der the Early Postdoc Mobility grant P2BEP2 181705.
J.L.B. acknowledges support from the David and Lucile
Packard Foundation. E. Kite was supported by NASA
grant NNX16AB44G. E. Kempton acknowledges sup-
port from the National Science Foundation under Grant
No.1654295 and from the Research Corporation for Sci-
ence Advancement through their Cottrell Scholar pro-
gram. This work was supported by the NASA Astro-
biology Program Grant Number 80NSSC18K0829 and
benefited from participation in the NASA Nexus for Ex-
oplanet Systems Science research coordination network.
REFERENCES
Barber, R. J., Tennyson, J., Harris, G. J., & Tolchenov,
R. N. 2006, Monthly Notices of the Royal Astronomical
Society, 368, 1087, doi: 10.1111/j.1365-2966.2006.10184.x
Barnes, R. 2017, arXiv:1708.02981 [astro-ph].
https://arxiv.org/abs/1708.02981
16 Koll et al.
Barnes, R., Deitrick, R., Luger, R., et al. 2016, arXiv
e-prints. https://arxiv.org/abs/1608.06919
Barstow, J. K., & Irwin, P. G. J. 2016, MNRAS, 461, L92,
doi: 10.1093/mnrasl/slw109
Batalha, N. E., Lewis, N. K., Line, M. R., Valenti, J., &
Stevenson, K. 2018, The Astrophysical Journal Letters,
856, L34, doi: 10.3847/2041-8213/aab896
Batalha, N. E., Mandell, A., Pontoppidan, K., et al. 2017,
Publications of the Astronomical Society of the Pacific,
129, 064501, doi: 10.1088/1538-3873/aa65b0
Bean, J. L., Miller-Ricci Kempton, E., & Homeier, D. 2010,
Nature, 468, 669, doi: 10.1038/nature09596
Bean, J. L., Stevenson, K. B., Batalha, N. M., et al. 2018,
PASP, 130, 114402, doi: 10.1088/1538-3873/aadbf3
Becker, J. C., Vanderburg, A., Adams, F. C., Rappaport,
S. A., & Schwengeler, H. M. 2015, The Astrophysical
Journal, 812, L18, doi: 10.1088/2041-8205/812/2/L18
Berta-Thompson, Z. K., Irwin, J., Charbonneau, D., et al.
2015, Nature, 527, 204, doi: 10.1038/nature15762
Burrows, A. S. 2014, Proceedings of the National Academy
of Sciences, 111, 12601, doi: 10.1073/pnas.1304208111
Chabrier, G., & Baraffe, I. 2000, Annual Review of
Astronomy and Astrophysics, 38, 337,
doi: 10.1146/annurev.astro.38.1.337
Chen, J., & Kipping, D. 2017, The Astrophysical Journal,
834, 17, doi: 10.3847/1538-4357/834/1/17
Cowan, N. B., Greene, T., Angerhausen, D., et al. 2015,
Publications of the Astronomical Society of the Pacific,
127, 311, doi: 10.1086/680855
Cox, A. N. 2000, Allen’s astrophysical quantities
Crossfield, I. J. M., Waalkes, W., Newton, E. R., et al.
2019, arXiv:1906.09267 [astro-ph].
https://arxiv.org/abs/1906.09267
Davenport, J. R. A., Becker, A. C., Kowalski, A. F., et al.
2012, ApJ, 748, 58, doi: 10.1088/0004-637X/748/1/58
Delrez, L., Gillon, M., Triaud, A. H. M. J., et al. 2018,
Monthly Notices of the Royal Astronomical Society, 475,
3577, doi: 10.1093/mnras/sty051
Deming, D., Seager, S., Winn, J., et al. 2009, Publications
of the Astronomical Society of the Pacific, 121, 952,
doi: 10.1086/605913
Demory, B.-O., Gillon, M., Deming, D., et al. 2011,
Astronomy & Astrophysics, 533, A114,
doi: 10.1051/0004-6361/201117178
Dittmann, J. A., Irwin, J. M., Charbonneau, D.,
Berta-Thompson, Z. K., & Newton, E. R. 2017, The
Astronomical Journal, 154, 142,
doi: 10.3847/1538-3881/aa855b
Dong, C., Jin, M., Lingam, M., et al. 2018, Proceedings of
the National Academy of Sciences, 115, 260,
doi: 10.1073/pnas.1708010115
Dumusque, X., Turner, O., Dorn, C., et al. 2019,
arXiv:1903.05419 [astro-ph].
https://arxiv.org/abs/1903.05419
Espinoza, N., Brahm, R., Henning, T., et al. 2019,
arXiv:1903.07694 [astro-ph].
https://arxiv.org/abs/1903.07694
Fortney, J. J. 2005, Monthly Notices of the Royal
Astronomical Society, 364, 649,
doi: 10.1111/j.1365-2966.2005.09587.x
Gillon, M., Jehin, E., Lederer, S. M., et al. 2016, Nature
Gillon, M., Triaud, A. H. M. J., Demory, B.-O., et al. 2017,
Nature, 542, 456, doi: 10.1038/nature21360
Greene, T. P., Line, M. R., Montero, C., et al. 2016, The
Astrophysical Journal, 817, 17,
doi: 10.3847/0004-637X/817/1/17
Grimm, S. L., & Heng, K. 2015, arXiv:1503.03806 [astro-ph,
physics:physics]. https://arxiv.org/abs/1503.03806
Gu¨nther, M. N., Pozuelos, F. J., Dittmann, J. A., et al.
2019, arXiv:1903.06107 [astro-ph].
https://arxiv.org/abs/1903.06107
Hansen, B. M. S. 2008, The Astrophysical Journal
Supplement Series, 179, 484, doi: 10.1086/591964
Hu, R., Ehlmann, B. L., & Seager, S. 2012, The
Astrophysical Journal, 752, 7,
doi: 10.1088/0004-637X/752/1/7
Husser, T.-O., Wende-von Berg, S., Dreizler, S., et al. 2013,
Astronomy and Astrophysics, 553, A6,
doi: 10.1051/0004-6361/201219058
Joshi, M., Haberle, R., & Reynolds, R. 1997, Icarus, 129,
450, doi: 10.1006/icar.1997.5793
Kaltenegger, L., & Traub, W. A. 2009, ApJ, 698, 519,
doi: 10.1088/0004-637X/698/1/519
Kempton, E. M.-R., Lupu, R., Owusu-Asare, A., Slough,
P., & Cale, B. 2017, Publications of the Astronomical
Society of the Pacific, 129, 044402,
doi: 10.1088/1538-3873/aa61ef
Kempton, E. M.-R., Bean, J. L., Louie, D. R., et al. 2018,
Publications of the Astronomical Society of the Pacific,
130, 114401, doi: 10.1088/1538-3873/aadf6f
Kite, E. S., Jr, B. F., Schaefer, L., & Gaidos, E. 2016, The
Astrophysical Journal, 828, 80,
doi: 10.3847/0004-637X/828/2/80
Koll, D. D. B., & Abbot, D. S. 2015, The Astrophysical
Journal, 802, 21, doi: 10.1088/0004-637X/802/1/21
—. 2016, The Astrophysical Journal, 825, 99,
doi: 10.3847/0004-637X/825/2/99
Candidate Atmospheres 17
Kostov, V. B., Schlieder, J. E., Barclay, T., et al. 2019,
arXiv:1903.08017 [astro-ph].
https://arxiv.org/abs/1903.08017
Kreidberg, L., & Loeb, A. 2016, ApJL, 832, L12,
doi: 10.3847/2041-8205/832/1/L12
Kreidberg, L., Bean, J. L., De´sert, J.-M., et al. 2014,
Nature, 505, 69, doi: 10.1038/nature12888
Leconte, J., Wu, H., Menou, K., & Murray, N. 2015,
Science, 347, 632, doi: 10.1126/science.1258686
Line, M. R., Stevenson, K. B., Bean, J., et al. 2016, AJ,
152, 203, doi: 10.3847/0004-6256/152/6/203
Louie, D. R., Deming, D., Albert, L., et al. 2018,
Publications of the Astronomical Society of the Pacific,
130, 044401, doi: 10.1088/1538-3873/aaa87b
Luque, R., Palle´, E., Kossakowski, D., et al. 2019,
arXiv:1904.12818 [astro-ph].
https://arxiv.org/abs/1904.12818
Lustig-Yaeger, J., Meadows, V. S., & Lincowski, A. P. 2019,
AJ, 158, 27, doi: 10.3847/1538-3881/ab21e0
Madden, J., & Kaltenegger, L. 2018, Astrobiology, 18, 1559,
doi: 10.1089/ast.2017.1763
Madhusudhan, N., & Seager, S. 2009, ApJ, 707, 24,
doi: 10.1088/0004-637X/707/1/24
Malik, M., Kitzmann, D., Mendonc¸a, J. M., et al. 2019,
arXiv e-prints. https://arxiv.org/abs/1903.06794
Malik, M., Grosheintz, L., Mendonc¸a, J. M., et al. 2017,
The Astronomical Journal, 153, 56,
doi: 10.3847/1538-3881/153/2/56
Miller-Ricci, E., Seager, S., & Sasselov, D. 2009, The
Astrophysical Journal, 690, 1056,
doi: 10.1088/0004-637X/690/2/1056;
Mollie`re, P., van Boekel, R., Bouwman, J., et al. 2016,
arXiv:1611.08608 [astro-ph].
https://arxiv.org/abs/1611.08608
Morley, C. V., Kreidberg, L., Rustamkulov, Z., Robinson,
T., & Fortney, J. J. 2017, The Astrophysical Journal,
850, 121, doi: 10.3847/1538-4357/aa927b
National Academies of Sciences, Engineering, and
Medicine. 2018, Exoplanet Science Strategy (Washington,
DC: The National Academies Press),
doi: 10.17226/25187. https://www.nap.edu/catalog/
25187/exoplanet-science-strategy
Nelson, R. M., Pieri, D. C., Baloga, S. M., Nash, D. B., &
Sagan, C. 1983, Icarus, 56, 409,
doi: 10.1016/0019-1035(83)90162-8
Peacock, S., Barman, T., Shkolnik, E. L., Hauschildt, P. H.,
& Baron, E. 2018, arXiv e-prints.
https://arxiv.org/abs/1812.06159
Rauer, H., Gebauer, S., Paris, P. V., et al. 2011, A&A, 529,
A8, doi: 10.1051/0004-6361/201014368
Rauscher, E., & Kempton, E. M. R. 2014, The
Astrophysical Journal, 790, 79,
doi: 10.1088/0004-637X/790/1/79
Ribas, I., Gregg, M. D., Boyajian, T. S., & Bolmont, E.
2017, A&A, 603, A58, doi: 10.1051/0004-6361/201730582
Ribas, I., Bolmont, E., Selsis, F., et al. 2016, A&A, 596,
A111, doi: 10.1051/0004-6361/201629576
Richard, C., Gordon, I. E., Rothman, L. S., et al. 2012,
Journal of Quantitative Spectroscopy and Radiative
Transfer, 113, 1276, doi: 10.1016/j.jqsrt.2011.11.004
Robinson, T. D., & Catling, D. C. 2014, Nature Geoscience,
7, 12, doi: 10.1038/ngeo2020
Rodler, F., & Lo´pez-Morales, M. 2014, ApJ, 781, 54,
doi: 10.1088/0004-637X/781/1/54
Rothman, L. S., Gordon, I. E., Barber, R. J., et al. 2010,
JQSRT, 111, 2139, doi: 10.1016/j.jqsrt.2010.05.001
Seager, S., & Deming, D. 2009, The Astrophysical Journal,
703, 1884, doi: 10.1088/0004-637X/703/2/1884
Segura, A., Walkowicz, L. M., Meadows, V., Kasting, J., &
Hawley, S. 2010, Astrobiology, 10, 751,
doi: 10.1089/ast.2009.0376
Selsis, F., Wordsworth, R. D., & Forget, F. 2011,
Astronomy and Astrophysics, 532, 1,
doi: 10.1051/0004-6361/201116654;
Serindag, D. B., & Snellen, I. A. G. 2019, arXiv e-prints.
https://arxiv.org/abs/1901.02469
Shields, A. L., Ballard, S., & Johnson, J. A. 2016, PhR,
663, 1, doi: 10.1016/j.physrep.2016.10.003
Sing, D. K., Fortney, J. J., Nikolov, N., et al. 2016, Nature,
529, 59, doi: 10.1038/nature16068
Sneep, M., & Ubachs, W. 2005, JQSRT, 92, 293
Snellen, I. A. G., de Kok, R. J., le Poole, R., Brogi, M., &
Birkby, J. 2013, ApJ, 764, 182,
doi: 10.1088/0004-637X/764/2/182
Sullivan, P. W., Winn, J. N., Berta-Thompson, Z. K., et al.
2015, The Astrophysical Journal, 809, 77,
doi: 10.1088/0004-637X/809/1/77
Thalman, R., J. Zarzana, K., Tolbert, M., & Volkamer, R.
2014, Journal of Quantitative Spectroscopy and Radiative
Transfer, 147, 171177, doi: 10.1016/j.jqsrt.2014.05.030
Theilig, E. 1982, A Primer on Sulfur for the Planetary
Geologist, Contractor Report NASA CR-3594, Arizona
State University, Tempe, Arizona
Vanderspek, R., Huang, C. X., Vanderburg, A., et al. 2019,
The Astrophysical Journal, 871, L24,
doi: 10.3847/2041-8213/aafb7a
18 Koll et al.
Wagner, W., & Kretzschmar, H.-J. 2008, International
Steam Tables - Properties of Water and Steam Based on
the Industrial Formulation IAPWS-IF97 No.
978-3-540-74234-0 (Springer, Berlin, Heidelberg),
doi: https://doi.org/10.1007/978-3-540-74234-0
Wakeford, H. R., Wilson, T. J., Stevenson, K. B., & Lewis,
N. K. 2019, Research Notes of the AAS, 3, 7,
doi: 10.3847/2515-5172/aafc63
Winn, J. N., Matthews, J. M., Dawson, R. I., et al. 2011,
The Astrophysical Journal, 737, L18,
doi: 10.1088/2041-8205/737/1/L18
Winters, J. G., Medina, A. A., Irwin, J. M., et al. 2019,
arXiv:1906.10147 [astro-ph].
https://arxiv.org/abs/1906.10147
Wordsworth, R. 2015, The Astrophysical Journal, 806, 180
Wright, E. L., Mainzer, A., Masiero, J., Grav, T., & Bauer,
J. 2016, The Astronomical Journal, 152, 79,
doi: 10.3847/0004-6256/152/4/79
Yang, J., Liu, Y., Hu, Y., & Abbot, D. S. 2014, The
Astrophysical Journal Letters, 796, L22,
doi: 10.1088/2041-8205/796/2/L22
Zahnle, K. J., & Catling, D. C. 2017, ApJ, 843, 122,
doi: 10.3847/1538-4357/aa7846
